AGB and post-AGB
INTRODUCTION
Of the ≥ 1200 catalogued planetary nebulae (PNe) in our Galaxy, less than a dozen are truly metal-poor. These halo or "Type IV" PNe, in the terminology of Peimbert (1978 Peimbert ( , 1990 ), have (O/H) abundances more than a factor of 4 below solar, even allowing for the notorious disparity between stellar and nebular abundance scales due to uncertainties -3 -in nebular electron temperature structure (e.g. Peimbert 1967 Peimbert , 1995 Dinerstein 1990 ).
Not surprisingly, this small sample has been the target of intense scrutiny in order to determine their chemical compositions. These studies have revealed that the ratios among the heavy elements in the halo PNe are non-solar and differ from object to object (e.g.
Torres -Peimbert, Rayo, & Peimbert 1981; Peña et al. 1992; Howard, Henry, & McCartney 1997) . The heavier α-capture elements such as Ar and S are more deficient than the CNO group, and it has been argued by a number of authors that the former are more indicative of the initial stellar composition (Barker 1980 (Barker , 1983 Torres-Peimbert et al. 1981) . However, since some important ions do not give rise to optical or UV emission lines, having ground configurations that produce only infrared fine-structure lines, the total abundances of these elements may be under-or over-estimated when these ions are not directly observed (e.g. Dinerstein 1995) . This circumstance has motivated a number of studies of infrared emission lines in PNe using ground-based and space observatories (Dinerstein 1980a (Dinerstein , 1980b Beck et al. 1981; Pottasch et al. 1986; Liu et al. 2001 ). Garnett & Lacy (1993) attempted to measure the [S IV] 10.5 µm line in two of the most metal-poor halo PNe, Ps 1 (also known as K648) and BB 1 (BoBn 1), to test the possibility that abundances inferred from the optical lines alone, which sample only [S II] and [S III], might be too low. Using Irshell (Lacy et al. 1989 ), a fore-runner of the instrument we used here, they set stringent upper limits on the [S IV] line fluxes and confirmed that the S/H abundances in these objects are indeed much lower than O/H. This result was consistent with earlier determinations of S/H by Barker (1983) and others, and with the suggestion that elements such as Ar and S provide a more reliable benchmark of the composition of the progenitor star, whereas O/H and possibly Ne/H may be enhanced by internal processing (Torres-Peimbert & Peimbert 1979; Barker 1980 Barker , 1983 Dopita et al. 1997) .
In this paper, we present measurements of [S IV] 10.5 µm and [Ne II] 12.8 µm in two -4 -additional halo PNe, DdDm 1 and H 4-1, in addition to new optical line measurements of the former. Our detections of the infrared lines in DdDm 1 and upper limits for their fluxes in H 4-1 confirms the idea that there are two classes of PNe with the same range of O/H values: modestly metal-poor objects with normal heavy-element ratios, and extremely metal-poor objects in which O/H has been self-enriched during the AGB phase.
OBSERVATIONS AND REDUCTIONS

Mid-IR Lines
The mid-IR observations were obtained with TEXES, the Texas Echelon Cross Echelle Spectrograph (Lacy et al. 2002) , at NASA's Infrared Telescope Facility (IRTF) on Mauna Kea, in late June 2001. A 3.0 ′′ -wide slit was employed with slit lengths of ∼ 7.5 ′′ and 9
′′
respectively at 10 and 12 µm. These apertures are large enough to contain essentially all of the line emission from these compact nebulae. The weather conditions were only fair, but the observed lines were Doppler shifted to relatively clean parts of the atmosphere; the radial velocity of DdDm 1 is ∼ -304 km s −1 (Barker & Cudworth 1984; herefter B84) and that of H 4-1 is ∼ -141 km s −1 (Miller 1969) . All of the observations were obtained at air masses less than 1.2. We nodded the telescope 4 ′′ or 5 ′′ along the slit in order to increase the observing efficiency, with dwell times of 3-12 seconds per beam position. Total integration times are given in Table 1 . The objects were identified visually using the telescope on-axis camera, and offset guiding was used while observing.
The data were reduced using the standard TEXES pipeline (Lacy et al. 2002) . We removed the background emission by taking differences between target frames and blank sky frames, and corrected for pixel response variations and atmospheric effects by subtracting a sky frame from a blackbody frame to create a flat field, first-order atmospheric correction,
-5 -and flux calibration. These frames are taken every 3 to 10 minutes. The zero point for the wavelength scale of each observation set was determined by specifying the pixel value and wavelength of one atmospheric line in one order. This process typically is accurate to better than 1 km/s across the entire observed region. After flatfielding, we resampled the array so that the spectral and spatial dimensions are orthogonal and run along rows and columns.
We extracted the final spectra by summing over ∼2.5 ′′ on each side of the nod.
Flux calibrations were performed using similarly extracted spectra of α Boo and δ Vir.
Where no line was detected, we set upper limits (3σ) by summing over spectral regions corresponding to the width of the detected lines in DdDm 1. For an object which uniformly fills the aperture, the resolving power of the 3.0 ′′ slit is ∼ 37,000; for DdDm 1, which is nearly a point source (B84), the effective resolution can be roughly twice as high, under good seeing conditions. The spectra for DdDm 1 are shown in Fig. 1 ; the ionic lines are strong enough that they were clearly visible in each nod pair. We also attempted to measure H I 7-6 (Hu α) in DdDm 1, but were only able to set an upper limit on the line flux. No lines were detected in H 4-1 (Fig. 2) , and no continuum was detected for either object. Line fluxes are summarized in Table 1 .
Optical Lines
For DdDm 1 we also utilized a high-dispersion, flux-calibrated spectrum obtained on the McDonald Observatory 2.7 m Harlan J. Smith Telescope, using the 2d-coudé white pupil cross-dispersed echelle spectrometer (Tull et al. 1995) . DdDm 1 was observed on 10
July 1995 for a total integration time of 1 hour (60 min) at an air mass of X = 1.01-1.04.
Unfortunately, we did not observe H 4-1, so parameters determined from optical lines are taken from the literature for this object.
-6 -The data were reduced using the echelle package in IRAF. Standard stars σ Sgr (HR 7121) and λ Aql (HR 7236) were used with fluxes from Alekseeva et al. (1996) to construct the response function for flux calibration. Due to atmospheric absorption at the long-wavelength end (λ ≥ 7000Å) and crowding of Balmer lines in the calibration stars at the short-wavelength end (λ ≤ 4000Å), as well as the difficulty of accurately compensating for differential refraction over such a broad wavelength range, the flux ratios of lines at widely separated wavelengths are relatively uncertain.
However, flux ratios of lines in the same order, or in adjacent orders for which the flux calibration can be checked or scaled in the overlap region, should be accurate to ∼10% or better, which is sufficient for our purposes. In practice, we have used known intrinsic ratios of various H I lines to adjust the fluxes of other lines, and thereby infer additional line ratios (see §3.1.2).
5 The Image Reduction and Analysis Facilities package is distributed by NOAO, which is operated by AURA, Inc., under contract to the National Science Foundation. We also need values for the nebular electron temperature and density in order to compute effective line emissivities. We adopted T e = 12,000 K and n e = 4 × 10 3 cm −3 , after BC84 and C87. The density-sensitive flux ratio of the [S II] lines is measurable in our optical spectra, with both lines appearing in the same order, and we find F(6731Å)/F(6716 -8 -A) = 1.63±0.08, consistent with the value of 1.7 found by these authors.
The lines which constitute the temperature-sensitive [O III] ratio F(4959Å)/F(4363 A) are separated by 10 echelle orders in our spectrum, so it is not advisable to take their ratio directly. The intrinsically weaker [O III] 4363Å line lies in the same order as Hγ, and our measured ratio of these lines, 0.084±0.004 (see Table 2 for a summary of the relevant optical line flux ratios), is slightly lower than the values of 0.11 and 0.10 found by B84
and C87 respectively. However, we also find a slightly lower ratio of
(1.10±0.05) than these authors (1.4-1.5 respectively), so that after scaling by the intrinsic emissivity ratio of the Hγ/Hβ (0.47; Osterbrock 1989), we derive F(4959Å)/F(4363Å)
∼ 28±3, whereas C87 and B83 find values of 32-33. Thus, our results are reasonably consistent with previous temperature determinations.
Sulfur
The calculated value for the effective collision strength of the [S IV] fine-structure line at 10.5 µm has increased dramatically over the past couple of decades, altering the interpretation of earlier work on S +3 in PNe (e.g. Dinerstein 1980a Dinerstein , 1980b Beck et al. 1981) .
At the present time, we have a more satisfactory situation, with the recent publication of two independent calculations which are in good agreement. The IRON-project calculations of Saraph & Storey (1999) yield Υ(12,000 K) = 8.55. The value reported by Tayal (2000) for T = 10,000 K, Υ = 8.536, is consistent with that of Saraph & Storey.
Using this collision strength for the nebular parameters cited above, the densitynormalized volume emissivity for the [S IV] line is (Ahνf 2 )/n e = 4.6 × 10 −20 erg cm
where A is the transition probability, ν is the frequency of the emitted line, f 2 is the fraction of ions in the upper level of the transition, and the other symbols have their usual meanings.
-9 -From our line measurement, this yields S +3 /H + = (2.7±0.2) × 10 −7 , where the error bar includes only the uncertainties in the infrared line flux.
The central star of DdDm 1 is relatively cool, similar to that of the M15 PN K648. Peña et al. (1992) find T * (DdDm 1) = 40,000±5000 K and T * (K648) = 35,000±5000 K from UV and optical measurements of the stellar continuum, while Howard et al. (1997) calculated photoionization models based on observations from the literature and found best-fit values of T * = 45,000 K for both objects. At these low stellar temperatures, one expects that most of the sulfur would be doubly, not triply ionized. with 9229Å (Pa 9). However, this region of the spectrum is severely affected by telluric H 2 O absorption, and the wavelength position of a particular line -which depends on both the object's intrinsic radial velocity shift and the date-dependent geocentric correction -becomes critical. At our high resolving power, R ∼ 60,000, we can clearly see telluric absorption in the spectra of our calibration stars, and are therefore able to assess its impact on the line measurements. (1.6 × 10 −7 ) and C87 (2.7 × 10 −7 ) and comparable to the amount of S +3 /H + . Thus, the data bear out our expectation that S ++ is the dominant ion of S in DdDm 1.
The total S/H abundance in DdDm 1 summed over the three main ionization states (Table 3) is thus (2.1±0.2) × 10 −6 . This is about an order of magnitude lower than S/H in typical disk PNs but an order of magnitude higher than for the extreme halo PNs BB 1, K648, and H 4-1 as measured from S + and S ++ (Barker 1983 ; also see discussion below).
The S/O ratio is less sensitive than S/H to the adopted nebular parameters because of the similar temperature dependence of the line emissitivies. Depending on whether we adopt Masegosa et al. 1994 ).
We consider the contribution of Ne +3 to be negligible, in view of the high ionization potential of Ne ++ (63.45 eV) and complete absence of He II in the spectrum of DdDm 1 (F(He II 4686Å)/F(Hβ) < 1.1 × 10 −3 , 3σ). Likewise, the neutral ion, Ne 0 is unlikely to be important, given the relatively small amount of Ne + . The total Ne/H abundance is then Ne/H = 1.4±0.1 × 10 −5 , and Ne/O = 0.10-0.13, depending on the adopted value of O/H.
-12 -
Limit on Hu α
We also attempted to measure an H I recombination line in the mid-IR, in order to provide a comparison line observed with the same instrument. The strongest such line available in the mid-infrared is H I 7-6 (Hu α), at 12.37 µm. In our limited observing time, we set a 3σ upper limit of ∼ 3 × 10 −14 erg cm −2 s −1 on the line flux. However, this is consistent with the expected line strength. For Case B recombination at T e = 10,000 K, n e = 10 4 cm −3 , the ratio F(Hu α)/F(Hβ) = 9.3 × 10 −2 (Hummer & Storey 1987) , from which we predict F(Hu α) ∼ 1.4 × 10 −14 , a factor of two smaller than our limit. This upper limit does preclude, however, any unexpectedly large extinction towards the source.
H 4-1
H 4-1, sometimes designated by its galactic coordinates as 49+88, was one of the first two Type IV PNe discovered. The other, the PN commonly designated either as K648 or Ps 1 (Pease 1927) , is located in the metal-poor globular cluster M 15. Along with BB 1 (also known as BoBn 1 and 108-76), these three objects were the focus of many optical studies (e.g. Torres- Peimbert & Peimbert 1979; Barker 1980 Barker , 1983 , prior to the discovery of several additional metal-poor PNe (e.g. Peña et al. 1989 Peña et al. , 1991 Peña et al. , 1992 ).
The Hβ flux of H 4-1 was measured by Hawley & Miller (1978) as F(Hβ) = 2.63 × 10 −13 in a 2.4 ′′ × 4.0 ′′ aperture, which is comparable to our IR aperture. They find that the extinction is low, as expected for an object located almost at the north Galactic pole; so, as for DdDm 1, we ignore extinction corrections. The physical parameters for H 4-1 reported by Hawley & Miller (1978) and Torres- Peimbert & Peimbert (1979) , are similar to those of DdDm 1, except for a somewhat lower density. We therefore adopt T e = 12,000 K, n e = 1 × 10 3 cm −3 .
-13 - Hawley & Miller (1978) and Torres-Peimbert & Peimbert (1979) .
Our upper limit rules out the possibility of the elemental abundance being more than a factor of 2.6 larger, leaving previous conclusions about elemental abundance ratios in H 4-1 essentially unchanged.
DISCUSSION
Metal-poor Galactic planetary nebulae are sufficiently rare that each discovery of a new example is regarded as noteworthy. Currently there are only ∼ 10-12 objects considered to belong to this class (Peña et al. 1992; Howard et al. 1997) , with 3-4 of these objects located in globular clusters (Pease 1928; Gillett et al. 1989; Cohen & Gillett 1989; Jacoby et al. 1997) . The deficit of PNe in globular clusters has long been regarded as puzzling (R. to produce a visible PN via normal, single-star evolution, and a more exotic evolutionary channel such as binary interactions or coalescence is required to produce a PN (Jacoby et al. 1997 (Jacoby et al. , 1998 Alves, Bond, & Livio 2000) .
A difficulty in unambiguously identifying a candidate object as a bona fide halo population PN is that the initial metallicity determination is usually based on O/H, since O produces some of the strongest emission lines in their spectra. There is an overall and Fe-group nuclei over Galactic history (Barker 1980; Torres-Peimbert et al. 1981 , and references therein).
-15 -Low-metallicity PNe can also be found within the metal-poor stellar populations of Local Group galaxies such as the LMC and SMC (Dopita et al. 1997; Jacoby & De Marco 2002) . For the LMC sample, the heavier α-elements appear to be reliable indicators of metallicity. In particular, Ne does not appear to be affected by internal processing Another possibility is that this object has experienced a separation of gas and dust leading to deficiencies in selected elements, an effect seen in some post-AGB stars (e.g. Napiwotzki, Heber, & Köppen 1994) . Clearly, PNG 135.9+55.9 deserves further attention. 
2).
With this more complete set of observations, the conclusion that there are two distinct types of metal-poor Galactic PNe seems inescapable.
The planetary nebula populations of external galaxies are being tapped as valuable tracers of a number of chacteristics of their parent galaxies: as distance indicators through match-up of their luminosity functions (e.g. Jacoby et al. 1992) ; as kinematical tracers of -17 -the gravitational potential wells of the spheroids of external galaxies (e.g. Napolitano et al. 2001) ; and even as metallicity indicators (Walsh et al. 2000) . However, it is becoming clear that O/H abundances in the PN gas are more strongly affected by self-enrichment than previously suspected. Indeed, these processes may effectively set an abundance "floor" for O/H which erases any original one-to-one correlation between O/H and the abundances of heavier elements such as Ar, S, and Fe. This erasure is presumably responsible for the wide scatter in ratios such as Ar/O and S/O among the halo PNe (Peña et al. 1992; Howard et al. 1997) . The moral to be drawn is that caution must be applied when using O/H as a generic abundance indicator for PNe, particularly in low-metallicity parent populations; it is of utmost importance than abundances be measured for elements heavier than the CNO group, in order to establish the original composition of the their stellar progenitors.
CONCLUSIONS
We have observed the fine-structure lines [S IV] 10.5 µm and [Ne II] 12.8 µm in two PNe with similarly low O/H abundances, O/H ∼ 10 −4 ; these objects belong to the small sample of Galactic PNe comprising the class of halo population or Type IV nebulae. We detect both lines in DdDm 1, and set upper limits on their fluxes in PN H 4-1. These observations, combined with new (for DdDm 1) and previous (H 4-1) optical data, confirm that these two objects have distinctly different patterns of heavy element abundances, despite their similar values of O/H, which has traditionally been regarded as a reliable indicator of metallicity in ionized nebulae. As others have previously suggested, it appears that H 4-1, along with the similar objects K648 and BB 1 observed by Garnett & Lacy (1993) , has self-enriched its nebular gas with oxygen synthesized within the star. In these objects, it is the heavier elements such as S and Ar which more accurately reflect the initial stellar composition. In contrast, DdDm 1 has similar heavy-element ratios to those of disk PNe, and represents a c Separated by 20 echelle orders.
-26 - 
